abstract: The role of human placental multipotent mesenchymal stromal cells (hPMSCs) in placental inflammation is unknown. We hypothesize that hPMSCs are involved in the early phases of placental infection. hPMSCs were isolated from term placentas and neutrophils from peripheral blood. The expression of toll-like receptors (TLRs) and cytokines by hPMSCs was determined by RT -PCR, flow cytometry and enzyme-linked immunosorbent assay. The effect of conditioned medium of hPMSCs with or without lipopolysaccharide (LPS) pretreatment on neutrophil functions: migration, apoptosis and production of reactive oxygen species (ROS) was assessed by flow cytometry and western blot. hPMSCs expressed TLR1, TLR3, TLR4, TLR6, TLR7 and TLR9. LPS stimulation increased the expression of TLR4 and the production of IL-6 and IL-8 by hPMSCs. Neutrophils exhibited chemotaxis to hPMSC-conditioned medium, which was inhibited by IL-8 depletion. Neutrophil CD11b activation was promoted by hPMSC-conditioned medium, which was further enhanced in media from hPMSCs pretreated with LPS. hPMSCconditioned medium reduced neutrophil ROS production. Neutrophil phagocytosis was increased by LPS alone but not by hPMSC-conditioned medium with or without LPS stimulation. hPMSC-conditioned medium induced STAT3 activation in neutrophils, which was inhibited by neutralizing antibody to IL-6. hPMSC-conditioned medium rescued neutrophils from apoptosis, but this effect was significantly reduced in conditioned medium of hPMSCs with LPS pretreatment. Depletion of IL-6 from the conditioned medium further inhibited the anti-apoptotic effect on neutrophils. Our results demonstrate that hPMSCs can interact with peripheral blood neutrophils in response to inflammatory signals of the placenta. Cytokines produced by hPMSCs can induce neutrophil chemotaxis and reduce neutrophil apoptosis.
Introduction
Neutrophil infiltration of infectious tissues is an early inflammatory response to bacterial infection (Opdenakker et al., 2001) . The presence of micro-organisms in placental parenchyma has been associated with the presence of neutrophils in stem vessels of the chorion or in the umbilical cord vessels of preterm placentas (Onderdonk et al., 2008) . Acute intervillositis with prominent fibrin deposits have been observed in the placenta of maternal septicemia (Bendon et al., 1998) , whereas acute villitis, manifest as acute chorioamnionitis with neutrophils in the villous capillaries and stroma, indicates fetal septicemia which is often due to Escherichia coli or related gram-negative bacilli (Romero et al., 2007) . Escherichia coli is one of the main pathogens identified in placental infection and preterm birth (Stoll et al., 2011) . The responses of innate immunity to a pathogen are often triggered by host recognition of microbial pathogen-associated molecular patterns such as lipopolysaccharide (LPS), double-stranded viral DNA and prokaryotic DNA motifs such as CpG. These pathogen-associated molecular patterns interact with tolllike receptors (TLRs) on both parenchymal cells and leukocytes (Gordon, 2002) , eliciting the expression of various cytokines and chemokines that are involved in leukocyte migration (Ozato et al., 2002) . TLR4 is observed in human placenta (Holmlund et al., 2002) and TLR4 is the main receptor inducing cellular signaling triggered by gram-negative bacteria through its highly specific recognition of LPS (Pivarcsi et al., 2003) .
Neutrophils are the first cells to appear at local tissue injury sites where they phagocytose invading pathogens and enhance acute inflammation via release of proteases and reactive oxygen species (ROS) (Weiss, 1989) . Physiologically, neutrophils are short-lived immune cells, but the extension of their lifespan is important in eliminating pathogens (Luo and Loison, 2008) . IL-6 and IL-8 cytokines are constitutively produced by bone marrow-derived mesenchymal stem cells (Barbet et al., 2011) . Bone marrow-derived mesenchymal stem cells are reported to prolong neutrophil survival significantly in an IL-6-dependent manner (Raffaghello et al., 2008) . Signal transducer and activator of transcription (STAT)3 is known to mediate cell growth, differentiation and survival via IL-6 cytokine signals (Hirano et al., 2000) .
We previously isolated human placental multipotent mesenchymal stromal cells (hPMSCs) from term placentas . These cells were found to distribute in the villous stroma, but their role in the placental villous microenvironment during gestational tissue infection remains unknown. The placental trophoblasts, endothelial cells or placental macrophages (Hofbauer cells) may significantly contribute to activation of the placental immune system, but we would like to investigate the role of hPMSCs in neutrophil modulation during inflammation. Neutrophils are not the resident immune cells in the placenta. hPMSCs may express paracrine factors that recruit neutrophils from circulation to the placental tissue in placental villi during infection. We previously observed that hPMSCs express paracrine factors, which protect endothelial cells from oxidative stress and support cell survival via the IL-6/ STAT3 signaling pathway (Liu et al., 2010) . In the present study, we hypothesize that hPMSCs could modulate neutrophil functions and prolong their lifespan during the early phases of bacterial challenge. We set up an in vitro model with hPMSCs together with peripheral blood neutrophils so that we could analyze the cellular functions of neutrophils in response to hPMSC-conditioned medium with or without stimulation by LPS.
Materials and Methods

Isolation and culture of hPMSCs
Placental tissue was collected after women gave informed consent, and all experiments were approved by the Institutional Review Board of Mackay Memorial Hospital, Taipei, Taiwan. The hPMSCs were purified from 10 term placentas obtained after Cesarean delivery and which were prepared within 30 min after delivery as we previously described Lee et al., 2009) . Approximately 100 g of placental cotyledon tissue was minced, digested several times with 0.5% trypsin-EDTA solution (Invitrogen, Carlsbad, CA, USA) and 10 U/ml DNAse I (Sigma-Aldrich, St. Louis, MO, USA) in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) at 378C for 5 min each time and then filtered through a cell strainer (BD Biosciences, Franklin Lakes, NJ, USA). The mononuclear cells in the supernatants were collected by centrifugation through a layer of Percoll (1.073 g/ml, Sigma-Aldrich) at 1000g for 10 min. The cell cultures were maintained in DMEM (Invitrogen) with 10% fetal bovine serum (FBS) (Hyclone, South Logan, UT, USA) at 378C in a humidified atmosphere with 5% CO 2 and 95% room air. Approximately 3 weeks later, some colonies consisting of fibroblast-like cells were observed. These cells were collected and replated for expansion. The cells were characterized using a panel of phycoerythrin (PE)-or fluorescein isothiocyanate-conjugated antibodies (Supplementary data, Fig. S1 ) using standard fluorescence-activated cell sorting analysis Lee et al., 2009) . Additionally, hPMSCs were confirmed to be of fetal origin ) and used at passages 5 -8. The characteristics of the hPMSCs at passages 0 and 8, and the capabilities to differentiation into adipocytes, osteocytes and endothelial cells were shown in Supplementary data, Fig. S1 , which were performed as we previously reported ).
LPS treatment of hPMSCs and generation of hPMSC-conditioned medium: hPMSC cultures (5 × 10 5 cells/ well) were seeded into six-well plates (Greiner Bio-One, Frickenhausen, Germany) and cultured in Roswell Park Memorial Institute (RPMI)-1640 (Invitrogen) with 10% FBS (Biological Industries, Kibbutz Beit-Haemek, Israel) and 1% penicillin streptomycin. To generate hPMSC-conditioned medium for stimulation experiments, confluent cultures were stimulated with 1 mg/ml LPS from E. coli O111:B4 (Sigma-Aldrich) for 4 h, then washed extensively with PBS to remove LPS and cultured for a further 20 h in order to see the cytokine expression in the conditioned medium after LPS stimulation. The supernatant was collected, centrifuged at 4500g for 10 min, filtered through 0.22 mm filters and stored at 2808C until required. Conditioned medium collected from hPMSCs cultured for the same time period without LPS treatment was used simultaneously as a control. Additionally, in the experiments conducted RPMI-1640 medium with 10% FBS and LPS (1 mg/ml) was used to assess the direct LPS ligation effect on neutrophils and also served as a control.
To remove IL-6 or IL-8 from conditioned medium, the medium was incubated with 0.4 mg/ml of anti-IL-6, anti-IL-8 monoclonal antibody (R&D Systems, Minneapolis, MN, USA) or isotype IgG (Dako, Glostrup, Denmark) for 4 -6 h at 48C with constant rotation. Then, 20 ml/ml of protein G-agarose beads (GE Healthcare Life Sciences, Piscataway, NJ, USA) was added and incubated overnight at 48C with rotation. Conditioned medium containing agarose beads was centrifuged at 260g for 3 min and the supernatant was collected. These procedures were repeated once more and the supernatant was used immediately.
Cytokine expression
Cytokines IL-1b, IFN-g, TNF-a, G-CSF and TGF-b were detected in the hPMSC-conditioned medium with or without LPS stimulation using a FlowMultiplex kit (Bender MedSystems, Vienna, Austria) according to the manufacturer's instructions. IL-6 and IL-8 were quantified using a Quantikine Human Immunoassay kit (R&D Systems). Each sample was tested in duplicate and three independent experiments were performed.
RNA isolation and RT-PCR
Total RNA was purified from at least three different strains of hPMSC cultures using TRIZOL reagent (Gibco-BRL, Gaithersburg, MD, USA) according to the manufacturer's instructions. RT -PCR reactions were performed as previously described (Mahanonda et al., 2007) . The primers used were presented in Supplementary data, Table SI .
Flow cytometric analysis of TLR4 expression by hPMSCs
To evaluate hPMSC cell surface TLR4 expression and the effect of LPS stimulation, hPMSCs were stimulated by LPS (1 mg/ml) for 24 h, as experimenting with different periods (4 -24 h) indicated that 24 h yielded the best results. Then the cells (5 × 10 5 ) were incubated for 30 min at 48C with a monoclonal antibody against human TLR4 (Abcam, Cambridge, UK) and analyzed by flow cytometry on a FACScan (BD BioSciences).
Neutrophil isolation and culture
Neutrophils were enriched from peripheral blood of healthy volunteers by Ficoll-Hypaque (density 1.077 g/ml, GE Healthcare Life Sciences) density gradient centrifugation (room temperature, 400g, 40 min). Cells were washed with PBS and residual erythrocytes were removed by incubation in hypotonic lysis buffer (155 mM NH 4 Cl, 10 mM NaHCO 3 and 0.1 mM EDTA) in distilled water for 15 s. Neutrophils were then resuspended in RPMI-1640 (Invitrogen) with 1% v/v penicillin/streptomycin and 10% v/v FBS (Biological Industries). Purity of neutrophils was .95% as assessed by antibody against CD16b (AbD Serotec, Oxford, UK) using flow cytometry after this procedure (Supplementary data, Fig. S2 ).
Peripheral blood mononuclear cells (PBMCs) that expressed various types of TLRs were collected at plasma/Ficoll interface after Ficoll-Hypaque (GE Healthcare Life Sciences) density gradient centrifugation as above. Then, the cell pellet of PBMCs was washed twice with PBS at 200g for 10 min.
Neutrophil function analysis
Transwell migration
Neutrophil migration was assayed using 8-mm-pore transwells (Corning Costar, Cambridge, MA, USA). Neutrophil suspensions containing 2 × 10 4 cells/100 ml were prepared in RPMI-1640 (Invitrogen) with 10% FBS (Biological Industries) and added to the upper chambers of a transwell plate. The lower chambers were filled with 600 ml RPMI-1640 (Invitrogen) culture medium containing 10% FBS (Biological Industries) mixed with conditioned medium (1:1 dilution) with or without LPS pretreatment or IL-8 depletion with a neutralizing antibody and immunoprecipitation, as described above and cells were allowed to migrate for 1 h at 378C. The number of neutrophils transmigrated to the lower compartment was then quantified by counting migrated cells in total field per well (magnification ×50; Axiovert 200; Carl Zeiss Müchen-Hallbergmoos, Germany) as previously described . Each experiment was performed in duplicate. Five independent experiments were performed.
CD11b expression by neutrophils
Neutrophils were incubated with hPMSC-conditioned medium (1:1 mixed with RPMI-1640 medium with 10% FBS) with or without LPS priming for 24 h at 378C, and subsequently stained with PE-conjugated anti-CD11b antibody (BD Biosciences). Isotype-matched, unstained cells were tested as negative controls. The results were analyzed by flow cytometry. Alterations of CD11b on the cell surface of neutrophils were evaluated by fluorescence intensity, an index of the surface concentration of integrin per cell . Neutrophils cultured in RPMI-1640 medium with 10% FBS alone or in RPMI-1640 medium with 10% FBS and LPS (1 mg/ml) were used as controls.
Measurement of phagocytosis
Neutrophils (5 × 10 5 ) were incubated for 30 min with hPMSC-conditioned medium (1:1 mixed with RPMI-1640 medium with 10% FBS) with or without LPS pretreatment in a 96-well culture plate. Following incubation, cells were challenged with fluorescent latex particles (2.0 mm mean particle size, carboxylate-modified polystyrene; Sigma-Aldrich) at 378C for 30 min. The cells were centrifuged at 720g for 3 min and the supernatant was discarded. The cells were washed with PBS, centrifuged again and the cell pellet was quenched with 0.2% trypan blue for 3 min. After washing with PBS and fixing with 2% formaldehyde, phagocytic activity was measured by flow cytometry (BD BioSciences). Neutrophils cultured in RPMI-1640 medium with 10% FBS alone or in RPMI-1640 medium with 10% FBS and LPS (1 mg/ml) were used as controls.
Intracellular ROS production
The amount of ROS produced by neutrophils cultured with or without hPMSC-conditioned medium was determined using RedoxSensor TM Red CC-1 (Molecular Probes-Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Redox Sensor Red CC-1 was oxidized in the presence of O 2 †2 and H 2 O 2 . Neutrophils (5 × 10 5 ) were co-cultured for 30 min with hPMSC-conditioned medium (mixed 1:1 with RPMI-1640 medium with 10% FBS) with or without LPS pretreatment in a six-well culture plate, then loaded with Redox Sensor Red CC-1 (5 mM) at 378C for 20 min and analyzed by flow cytometry. Alterations of ROS of neutrophils were evaluated by fluorescence intensity, an index of the ROS per cell . Neutrophils cultured in RPMI-1640 medium with 10% FBS, with or without LPS (1 mg/ml), were used as controls.
Neutrophil apoptosis assay
To assess the protection effect of hPMSC-conditioned medium, neutrophils (5 × 10 5 ) were cultured for 30 h with hPMSC-conditioned medium (mixed 1:1 with RPMI-1640 medium with 10% FBS) with or without LPS (1 mg/ml) pretreatment in a 6-well culture plate. They were then washed and resuspended in 100 ml of binding buffer (Annexin V PE Apoptosis Detection kit I; BD Pharmingen). After 15 min of incubation with 2.5 ml annexin V-PE and 5 ml 7-amino-actinomycin D (7-AAD; both reagents from BD Pharmingen), 400 ml of ×1 binding buffer was added to each tube and cells were analyzed by fluorescence-activated cell sorting (FACScan, BD Biosciences), with 1.5 × 10 4 events acquired and analyzed for each sample. Data analysis was performed using Cell Quest software. Neutrophils cultured in RPMI-1640 medium with 10% FBS alone or supplemented with LPS (1 mg/ml) were used as controls.
Western blotting
Total proteins (25 mg) extracted from neutrophils after 30 min of incubation for different experimental conditions were separated by SDS-PAGE (12% gel) and blotted onto membranes as described previously (Liu et al., 2010) . The primary antibodies used were raised against STAT3 and Phospho-STAT3 (Cell Signaling Technology, Danvers, MA, USA). Proteins were visualized by chemiluminescence (Renaissance w , DuPont Western Blot Chemiluminescence Reagent; NEN Research, Boston, MA, USA). The band densitometry values of phosphorylated STAT3 protein were normalized to the corresponding total STAT3 bands in each condition and were determined semi-quantitatively using scanning densitometry (LAS-3000 imaging system; Fujifilm Life Science, Tokyo, Japan).
Statistical analysis
All values are reported as mean + SD. Differences were evaluated by Student's t-test or Wilcoxon signed ranks test, when appropriate. No correction for multiple comparisons was made. A P value of ,0.05 was considered significant.
Results
Increased TLR4 expression and inflammatory response of hPMSCs after challenge with LPS
To analyze the expression profile of TLRs in hPMSCs, we performed RT -PCR analysis for TLR1-9. As shown in Fig. 1A, TLR1 , TLR3, TLR4, TLR6 and TLR9 mRNA were strongly expressed by hPMSCs. In contrast, a lower level of TLR7 mRNA was observed. TLR2, 5 and 8 were absent. Because we expected to use LPS as a model of bacterial stimulation, we examined the expression of its receptor TLR4 also at the protein level. Flow cytometry revealed expression of TLR4 on hPMSCs. LPS stimulation increased the expression of TLR4 on hPMSCs (Fig. 1B) . Next, we studied the cytokine production of hPMSCs after exposure to LPS. To avoid the remnant LPS in the culture medium, after 4 h of LPS stimulation the medium was removed and the hPMSCs were extensively washed before generating conditioned medium. The cytokine levels expressed by hPMSCs after 4 h of LPS stimulation were low. For example, the level of IL-6 was 395 + 3.7 pg/ml and IL-8 was 800 + 16.3 pg/ml. Previously, we have observed high IL-6 and IL-8 were expressed and secreted constitutively by hPMSCs. The levels of cytokines including IFN-g, IL-1b, IL-2, IL-4, IL-5, IL-10, IL-12 and TNF-a were very low or nearly undetectable (Liu et al., 2010) . TGF-b1 was reported to be expressed by human mesenchymal stem cells (Barbet et al., 2011) . To study the effect of LPS stimulation on hPMSCs, the alteration of IL-6, IL-8, TGF-b1 and other proinflammatory cytokines such as IL-1b, IFN-g and G-CSF was studied. We analyzed cytokine secretion profiling of unstimulated and LPS-stimulated hPMSCs ( Fig. 2A) , and observed high constitutive expression of the cytokines IL-6 and IL-8, together with moderate expression of TGF-b. LPS treatment significantly up-regulated the expression of the cytokines IL-6 and IL-8. We further investigated the effects of hPMSCs on neutrophil function and modulation of the hPMSC-neutrophil interaction by LPS.
hPMSCs induce recruitment of neutrophils involving IL-8
Using a transwell migration assay, we observed that conditioned medium from unstimulated hPMSCs induced moderate chemotaxis of neutrophils. Conditioned medium from hPMSCs pretreated with LPS significantly enhanced the recruitment and migration of neutrophils (Fig. 2B) . As IL-8 is known to be one of the most potent neutrophil chemoattractants and activators (Bernhagen et al., 2007) , we depleted IL-8 in conditioned medium using a neutralizing antibody to investigate whether this cytokine is involved in the recruitment of neutrophils by LPS-stimulated hPMSCs. We found that IL-8 depletion significantly diminished the neutrophil migration towards conditioned medium from hPMSCs with or without LPS stimulation (Fig. 2B ) and the IL-8 levels were significantly decreased to 132 + 27.3 and 124 + 111.6 pg/ml, respectively. Thus, our findings demonstrate that hPMSCs secrete soluble factors that mediate the recruitment of neutrophils and that this effect is enhanced by LPS challenge. Furthermore, neutrophil recruitment is dependent on IL-8.
hPMSC-conditioned medium increases neutrophil adhesion and activation
To study the effect of hPMSC on expression of neutrophil adhesion molecules, we addressed the expression of integrin CD11b. Neutrophils were incubated with hPMSC-conditioned medium with or without LPS stimulation for 24 h. As shown in Fig. 3 , hPMSC-conditioned medium or RPMI-1640 medium containing LPS significantly increased neutrophil expression of CD11b compared with neutrophils cultured in RPMI-1640 control medium alone. hPMSC-conditioned medium pretreated with LPS further increased the expression of CD11b by neutrophils (Fig. 3) . (B) A migration assay using a transwell insert culture system was used to evaluate the migration of neutrophils towards medium. The hPMSC-conditioned medium induced moderate chemotaxis of neutrophils. Conditioned medium of hPMSCs pretreated with LPS further enhanced the recruitment and migration of neutrophils. These effects were blocked by anti-IL-8 neutralizing antibody (IL-8 Ab). Data are presented as means of 5 independent experiments. Error bars: SD. CTL: RPMI-1640 medium with 10% FBS (Control); CM: conditioned medium of hPMSCs (1:1 mixed with CTL medium); LPS_CM: conditioned medium of hPMSCs (1:1 mixed with CTL medium) pretreated by LPS (1 mg/ml); LPS: RPMI-1640 medium with 10% FBS and LPS (1 mg/ml).
The effect of hPMSCs on neutrophil ROS production and phagocytosis
To study the effects of hPMSC on neutrophil oxidative metabolism, we assessed the production of ROS by neutrophils incubated with hPMSC-conditioned medium with or without LPS stimulation for 30 min. Intracellular levels of ROS were analyzed by flow cytometry. In the short 30-min culture, there were no significant differences of neutrophil apoptosis in various culture conditions and .85% of neutrophils survived (Supplementary data, Fig. S3 ). As shown in Fig. 4A and B, hPMSC-conditioned medium reduced neutrophil ROS production compared with neutrophils cultured in RPMI-1640 control medium alone. hPMSC-conditioned medium with LPS pretreatment enhanced neutrophil ROS expression compared with neutrophils cultured in conditioned medium of hPMSCs without LPS pretreatment. RPMI-1640 medium containing LPS further increased the generation of ROS by neutrophils. Neutrophils treated by H 2 O 2 were used to exclude saturated staining of Redox Sensor Red CC-1 in neutrophils after 20-min incubation, which revealed a fluorescence intensity of 47.4 (not shown). However, the difference of ROS between these 30-min culture conditions was low, although statistically significant ( Fig. 4A and B) . Neutrophils are usually subjected to spontaneous apoptosis and have a short lifespan (Basu et al., 2002) . When the neutrophils were cultured for 30 h, most were apoptotic. In that case, the phagocytic activity is obviously decreased. Thus, the phagocytic activity of neutrophils was assessed after 30 min of incubation using hPMSC-conditioned medium with or without LPS pretreatment. We observed that RPMI-1640 culture medium containing LPS increased neutrophil phagocytosis, but conditioned medium from hPMSCs with or without LPS pretreatment had no effect (Fig. 4C and D) .
hPMSCs prolong the lifespan of neutrophils
We assessed apoptotic changes in neutrophils recruited by hPMSCs. .As shown in Fig. 5 , after 30 h of culture, most neutrophils underwent spontaneous apoptosis if cultured in RPMI-1640 control medium. However, apoptosis was significantly reduced when neutrophils were cultured in hPMSC-conditioned medium. In contrast, conditioned medium from LPS-stimulated hPMSCs had a significantly reduced anti-apoptotic effect compared with conditioned medium from hPMSCs without LPS pretreatment.
To investigate the mechanisms underlying the hPMSC-mediated protective effect on neutrophil apoptosis, we studied the role of IL-6, which is constitutively produced by hPMSC (Liu et al., 2010) and inhibits programmed cell death in neutrophils (Asensi et al., 2004) . We depleted IL-6 levels in the hPMSC-conditioned medium and found that the antiapoptotic effect mediated by hPMSC-conditioned medium was significantly reduced. Similar results were obtained when neutrophils were cultured with conditioned medium from hPMSC pretreated with LPS after IL-6 depletion. However, its modulation of anti-apoptotic effect was not as prominent as that without IL-6 depletion (Fig. 5) . Additionally, the IL-6 levels in the conditioned medium after IL-6 depletion from hPMSCs with or without LPS pretreatment were significantly decreased to 115 + 11.8 and 144 + 122.8 pg/ml, respectively. IL-6 signaling involves phosphorylation of the transcription factor STAT3 (Liu et al., 2010) . We further investigated whether STAT3 plays a role in neutrophil protection from apoptosis induced by hPMSC-conditioned medium. To this end, neutrophils were cultured in RPMI-1640 control medium with or without LPS or with hPMSC-conditioned medium with or without LPS pretreatment. LPS did not induce phosphorylation of STAT3 in neutrophils. hPMSC-conditioned medium induced STAT3 activation in neutrophils, which was inhibited by conditioned medium from LPS-stimulated hPMSCs. STAT3 phosphorylation was further inhibited by IL-6 depletion of these conditioned media. Figure 4 Conditioned medium of hPMSCs mediates neutrophil phagocytosis and ROS production. (A) The amount of ROS produced by neutrophils cultured in conditioned medium of hPMSCs with or without LPS (1 mg/ml) pretreatment was determined by RedoxSensor TM Red CC-1 and analyzed by flow cytometry, which was demonstrated as fluorescence intensity. Gray histograms: neutrophils without RedoxSensor TM Red CC-1 staining. A representative example from five experiments is shown. (B) Conditioned medium of hPMSCs reduced neutrophil ROS production compared with RPMI-1640 medium, but conditioned medium of hPMSCs pretreated by LPS (1 mg/ml) decreased neutrophil ROS production to a lesser extent, whereas culture medium containing LPS (1 mg/ml) slightly increased ROS production compared with the control. Quantification data of five independent experiments were shown. (C) Neutrophil phagocytosis was measured by flow cytometry. Neutrophils were cultured in conditioned medium of hPMSCs with or without LPS (1 mg/ml) pretreatment. The fresh RPMI-1640 medium containing 10% FBS with or without LPS (1 mg/ml) was used as controls. Fluorescent latex beads were incubated with prestimulated neutrophils for 30 min at 378C. Data are presented as the percentage of cells in the bead-positive gate. A representative example from five experiments is shown. (D) The RPMI-1640 culture medium containing LPS increased neutrophil phagocytosis, but the conditioned medium of hPMSCs with or without LPS pretreatment did not. Data are mean + SD of five independent experiments. CTL: RPMI-1640 medium with 10% FBS (Control); CM: conditioned medium of hPMSCs (1:1 mixed with CTL medium); LPS_CM: conditioned medium of hPMSCs (1:1 mixed with CTL medium) pretreated by LPS (1 mg/ml); LPS: RPMI-1640 medium with 10% FBS and LPS (1 mg/ml).
Densitometric analysis demonstrated the same results. These findings indicate that the anti-apoptotic effect of hPMSC-derived IL-6 on neutrophils involves signaling pathway through STAT3 activation (Fig. 6 ).
Discussion
hPMSCs express paracrine factors such as IL-8 and IL-6 that recruit neutrophils from circulation to the placental tissue and prolong their lifespan in placental villi during gestational tissue infection. In the present study, we demonstrate the role of placental-resident hPMSCs during placental infection. hPMSCs express TLR1, TLR3, TLR4, TLR6, TLR7 and TLR9 mRNA. LPS enhanced the expression of TLR4 by hPMSCs. LPS significantly increased IL-6 and IL-8 production by hPMSCs. hPMSC-conditioned medium induced neutrophil chemotaxis as well as adhesion molecule expression and activation, but did not affect phagocytosis.
We previously reported that hPMSCs isolated from term placentas are negative for CD14, CD34, CD45, HLA-DR, HLA-G and cytokeratin 7, but express moderate levels of CD13 and CD54 and high levels of CD29, CD44, CD49b, CD73, CD90, CD105, CD166 and HLA-ABC, and thus have the same phenotype as that of bone marrow-derived mesenchymal stem cells Lee et al., 2009) . We further observed that these cells are multipotent with the ability to differentiate into osteocytes, adipocytes and endothelial cells . TLR4 ligation by LPS primed the hPMSCs in a proinflammatory profile with increased levels of cytokines such as IL-6 and IL-8. These findings agree with observations of TLR4-primed bone marrow-derived mesenchymal stem cells (Waterman et al., 2010) . IL-8 is a major chemoattractant for neutrophils (Bernhagen et al., 2007) and regulates the expression of the CD11b activation epitope in neutrophils (Lundahl et al., 2012) that mediates leukocyte extravasation. Thus, we observed modulatory activity of LPS and hPMSC-conditioned medium with or without LPS stimulation on neutrophil expression of CD11b and promotion of neutrophil chemotaxis, which was inhibited by IL-8 depletion.
Similar to the present study, others have shown that stimulation of neutrophils with LPS resulted in an increase in phagocytosis (Hayashi et al., 2003) . However, hPMSC-conditioned medium with or without LPS stimulation did not alter the phagocytic activity of neutrophils, which may indicate that neutrophils are not the major phagocytic cells affected by hPMSCs. This would be in agreement with findings in a mouse model of gram-negative peritoneal sepsis, in which intravenous mesenchymal stem cell therapy increased the phagocytic activity of monocytes but not that of neutrophils (Krasnodembskaya et al., 2012). Pathogen elimination is achieved by phagocytosis, followed by elimination through enzymatic degradation and ROS production (Serhan et al., 2008) . We observed that LPS on its own was able to trigger significant ROS production in neutrophils. hPMSC-conditioned medium significantly decreased neutrophil ROS production, but the level was increased by conditioned medium from hPMSCs pretreated with LPS. These findings are consistent with the observation that bone marrow-derived mesenchymal stem cells can prime the ability of neutrophils to produce superoxide anion (O 2 2 ) in response to LPS (Cassatella et al., 2011) . Additionally, we observed that hPMSC-conditioned medium may rescue neutrophils from apoptosis after 30 h of culture via IL-6/STAT3 signaling pathway, which was inhibited by hPMSCs pretreated with LPS or IL-6 depletion of these conditioned media.
Thus, our observations delineate that the pro-and anti-apoptotic events in activated neutrophils induced by hPMSC-conditioned medium are well balanced by inhibition of apoptosis and ROS production without impairing phagocytosis and chemotaxis. At the same time, STAT3 activation induced by IL-6 protect cell from damage via up-regulating antioxidants and inactivating caspase-3 (Terui et al., 2004; Liu et al., 2010) . For example, ROS generated through activation of cell chromophores induced cell apoptosis, which was inhibited by the STAT3 activation with subsequent anti-apoptosis target protein expression in COS-7 cells (Sun et al., 2010) . Although hPMSC-conditioned medium with LPS pretreatment containing higher level of IL-6 than hPMSC-conditioned medium without LPS pretreatment, neutrophils treated by hPMSC-conditioned medium with LPS pretreatment produced more ROS than that of hPMSC-conditioned medium without LPS pretreatment. Furthermore, IL-6 expression by hPMSCs was increased by LPS stimulation, but the phosphorylation of STAT3 in neutrophils was not enhanced by hPMSC-conditioned medium primed by LPS. These findings may explain the discrepancy in the IL-6 effect of hPMSC-conditioned medium with or without LPS pretreatment in neutrophil survival. Additionally, RPMI-1640 culture medium containing LPS significantly increased the ROS production by neutrophils and LPS did not activate STAT3 phosphorylation (Malcolm and Worthen, 2003) that resulted in neutrophils apoptosis.
In contrast to our observations, conditioned medium from bone marrow-derived mesenchymal stem cells was observed to exert significantly greater protection of neutrophils from apoptosis after priming the bone marrow-derived mesenchymal stem cells with poly(I:C) or LPS for 24 h and it has been suggested that the effect is mediated by the combined action of different cytokines (Cassatella et al., 2011) . Similarly, our data do not prove that the IL-6/STAT3 pathway is the only one but a major mechanism by which hPMSCs protect neutrophils from apoptosis. We suggest that different cytokines and growth factors produced by hPMSCs may be involved in the STAT3 activation pathway of neutrophils. Furthermore, the reduced anti-apoptotic effect of conditioned medium from hPMSCs challenged with LPS may protect a pregnancy from further inflammatory reaction, since the severe inflammatory reaction associated with neutrophil activation may damage placental tissue due to excessive ROS production and formation of leukocyte aggregates that lead to occlusion of blood flow in the placental microvasculature (Tsai et al., 2012) .
Our data suggest that hPMSCs may promote cytokine-mediated neutrophil recruitment via TLRs to the site of placental infection in vivo. However, the relevance of our findings in vitro has to be confirmed in in vivo models. Our study suggests a novel hPMSC-dependent activation mechanism and functional cross-talk between hPMSCs and neutrophils in triggering defense mechanisms against bacterial infections. By modulating their cytokine production, TLR4 might activate placenta-resident hPMSCs to recruit and activate neutrophils against bacterial infections.
Supplementary data
Supplementary data are available at http://molehr.oxfordjournals.org/ online.
Authors' roles by western blot. hPMSC conditioned medium induced STAT3 activation in neutrophils after incubation for 30 min, which was reduced by conditioned medium of LPS-stimulated hPMSCs. Phosphorylation of STAT3 (P-STAT3) was further inhibited by the IL-6 depletion but not isotype IgG pretreatment from these conditioned medium. LPS alone did not induce STAT3 phosphorylation in neutrophils. Representative examples from five independent experiments are shown. The lower panel shows the densitometry values of phosphorylated STAT3 protein normalized to the corresponding total STAT3 bands in each condition and were determined semi-quantitatively using scanning densitometry. Error bars: SD.
